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ABSTRACT
Variability in the infrared emission from disks around pre-main sequence stars over the course
of days to weeks appears to be common, but the physical cause of the changes in disk structure
are not constrained. Here we present coordinated monitoring of one young cluster with the Spitzer
and Chandra space telescopes aimed at studying the physical source of the variability. In fall 2011
we obtained ten epochs of Chandra ACIS photometry over a period of 30 days with a roughly 3 day
cadence contemporaneous with 20 epochs of Spitzer [3.6],[4.5] photometry over 40 days with a roughly
2 day cadence of the IC 348 cluster. This cadence allows us to search for week to month long responses
of the infrared emission to changes in the high-energy flux. We find no strong evidence for a direct
link between the X-ray and infrared variability on these timescales among 39 cluster members with
circumstellar disks. There is no significant correlation between the shape of the infrared and X-ray
light curves, or between the size of the X-ray and infrared variability. Among the stars with an X-ray
flare none showed evidence of a correlated change in the infrared photometry on timescales of days
to weeks following the flare. This lack of connection implies that X-ray heating of the planet forming
region of the disk is not significant, although we cannot rule out rapid or instantaneous changes in
infrared emission.
1. INTRODUCTION
The inner AU around a pre-main sequence star is a
complex region. Dust and gas flow inward through the
disk, possibly accompanied by massive planets built in
the outer disk (e.g. Lin et al. 1996). Close to the star the
dust will sublimate, creating an inner wall at a few tenths
of an AU (Kama et al. 2009). The gas will flow within
this radius (Eisner et al. 2009) until it is loaded on the
large dipolar stellar magnetic field and lifted out of the
midplane. Once locked onto the stellar field this material
free-falls onto the star, creating a shock as it strikes the
stellar surface and heating a small spot to well above the
photospheric temperature (Ingleby et al. 2013). Add in
the possibility of a significant wind being driven outward
from close to the star (e.g. Zanni & Ferreira 2013), and
one can begin to understand the wide range of physical
processes at work close to the star.
Synoptic observations point toward even more com-
plexity. Models (e.g. Kulkarni & Romanova 2008) and
observations (e.g. Fang et al. 2013) of accretion vari-
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ability indicate that the flow of material onto the star
fluctuates on short timescales. Hot and cold spots
dot the stellar surface leading to rapid optical vari-
ability (e.g. Alencar et al. 2012). Large scale disk in-
stabilities lead to outbursts lasting years to decades
(e.g. Zhu et al. 2010; Hillenbrand et al. 2013) and fre-
quent fluctuations at a wide range of infrared wave-
lengths indicate structural changes at or near the
sublimation edge of the circumstellar disk on weekly
timescales (e.g. Morales-Caldero´n et al. 2011; Wolk et al.
2013; Cody et al. 2014). The frequency of moderate X-
ray flares, believed to arise from magnetic reconnection
events in the coronae (Feigelson et al. 2007), indicate
that the magnetic field is not only complex but con-
stantly varying. Even single epoch measurements of the
magnetic field find that not all young stars have strictly
dipolar magnetic fields; some are dominated by the oc-
topolar or quadropolar components close to the stellar
surface (Gregory et al. 2012).
Here we attempt to take advantage of the infrared fluc-
tuations to study the disk structure in more detail. By
searching for correlations between the infrared variability
and other forms of variability (X-ray, accretion, etc.) we
can directly study the influence of various factors that
may set the structure of the dusty disk. Recent observa-
tions have found that the occurrence rate of infrared vari-
ability increases with X-ray luminosity (Flaherty et al.
2013), suggestive of some sort of connection between
the two. Enhanced X-ray emission was observed follow-
ing the ∼few magnitude outburst of the FU Ori Ob-
ject V1647 Ori (Hamaguchi et al. 2010), suggesting a
direct connection between the change in disk structure
and enhanced X-ray emission during these large accretion
bursts. X-rays are also likely an important contributor to
the clearing of the disk by photo-evaporation within the
first few million years (Owen et al. 2010). High-energy
2X-ray emission may influence the structure of the disk di-
rectly through heating and ionization (Skinner & Gu¨del
2013) or may serve as an indirect tracer of rearrange-
ments of the magnetic field (e.g. Goodson & Winglee
1999). Previous theoretical studies have focused mainly
on the gas, where the X-ray illumination is most strongly
felt (Aresu et al. 2011) but it may penetrate into the
dust layer and heat and/or ionize the dust. The frequent
flaring of X-ray emission, with factors of 10 increase in
X-ray emission a common occurrence (Feigelson et al.
2007), means that this illumination of the dust is con-
stantly, and strongly, variable. Stelzer et al. (2007) find
that roughly half of the stars in Taurus exhibit X-ray
variability, while Wolk et al. (2005) find that solar-type
stars in Orion spend ∼30% of their time in an elevated
state. This X-ray variability is a mix of rotational mod-
ulation (Flaccomio et al. 2005) and flares (Stelzer et al.
2007) with larger fluctuations among stars with disks
(Flaccomio et al. 2012). Young stellar objects have been
found to have very strong magnetic fields (Johns-Krull
2007; Valenti & Johns-Krull 2004) that likely interact
with the disk, although this interaction has been diffi-
cult to observe directly. The structure of the magnetic
field can be very complex (e.g. Donati et al. 2012, 2011)
and even among well studied stars it can be hard to char-
acterize observationally (e.g. Schad et al. 2013).
Given the complex, but prominent, nature of the mag-
netic field, studying an indirect tracer like X-ray emission
may shed light on its structure and how these structural
changes affect the planet forming region in a large sample
of young stellar objects. Contemporaneous changes in X-
ray flux and infrared emission from the disk would point
towards either a direct influence of the X-ray photons
on the disk, or changes in magnetic field structure that
affect both the high-energy flux and the emission from
the disk. Flaccomio et al. (2012) report a difference in
the relative size of X-ray fluctuations between stars with
disks and diskless systems. Forbrich et al. (2007) did not
find a direct correlation between X-ray and near-infrared
variability in the Coronet cluster, but this survey was
limited to observations over the course of only one week
of a small handful of objects. The diversity in magnetic
field and circumstellar disk properties among young stel-
lar objects suggests that a small sample may not be able
to capture the full range of interactions. By extending
this type of analysis to a larger sample (∼100 vs 10 ob-
jects) on longer timescales (40 days vs one week) at a
wavelength that has less contamination from stellar pho-
tospheric emission (3-5µm vs. 1-2µm) we can broadly ad-
dress the interactions of the dusty disk and the magnetic
field/X-ray emission. To do this we obtained coordinated
Chandra and Spitzer observations of the IC 348 cluster.
This 2-3 Myr old cluster contains ∼300 known cluster
members, 50% of which contain an infrared excess in-
dicative of circumstellar material (Lada et al. 2006). In
section 2 we present our observations, in section 3 we
search for correlated variability and in section 4 we dis-
cuss the implications of these results.
2. DATA
2.1. X-Ray Data Reduction
The field was observed by Chandra 10 times between
Oct 17, 2011 and Nov 17, 2011. The nominal 4-chip
ACIS-I array was used in ”Very Faint” mode. Each ob-
servation was about 10 ks and centered at 03:44:31.50
+32:08:33.70 (J2000.) Roll was left nominal so not all
sources were in the field of view for all exposures (see
Table 1 for full details).
The data were processed through the standard CIAO
pipeline at the Chandra X-ray Center, using their soft-
ware version D8.4. This version of the pipeline auto-
matically incorporated a noise correction for low energy
events. Background was nominal and non-variable.
Since the focus was on the bright sources which may
vary significantly, sources were identified in the individ-
ual frames. To identify point sources, photons with en-
ergies below 300 eV and above 8.0 keV were filtered out
from this merged event list. This excluded energies which
generally lack a stellar contribution. By filtering the
data as described, contributions from hard, non-stellar
sources such as X-ray binaries and AGN are attenuated,
as is noise. A monochromatic exposure map was gener-
ated in the standard way using an energy of 1.49 keV
which is a reasonable match to the expected peak energy
of the stellar sources and the Chandra mirror transmis-
sion. The CIAO tool WavDetect was then run on a series
of flux corrected images binned by 1, 2 and 4 pixels. The
thresholds were set to limit false detections to about 1
per 100 detections. The output resulted in the detection
of between 119 -139 sources (mean 135.5)
At each source position an extraction ellipse was calcu-
lated following Wolk et al. (2006) updated for the appro-
priate roll. This provided an extraction ellipse containing
95% of the source flux within the 0.3-8 keV range. For
each of the sources, a background ellipse was identified.
The background was an annular ellipse with the same
center, eccentricity, and rotation as the source. The outer
radius was 6 times the radius of the source and the inner
radius was 3 times larger than the source. From this re-
gion any nearby sources were subtracted with ellipses 3
times the size of the source ellipse. The net counts were
calculated by subtracting the background counts (cor-
rected for area) and multiplying the result by 1.053 to
correct for the use of a 95% encircled energy radius.
2.2. Spitzer
We also repeatedly observed IC 348 with the Spitzer
Space Telescope using the IRAC instrument during the
fall 2011 observing window (PID60160). The observing
strategy was identical to that described in Flaherty et al.
(2013), and here we provide a brief summary. Both [3.6]
and [4.5] photometry were obtained simultaneously over
the course of 20 epochs from Oct 15, 2011 to Nov 23,
2011 (Table 2). The cadence was chosen to trace the
daily to weekly fluctuations in infrared emission with one
observation every two days . The cluster was mapped in
a 5 by 5 grid, with each grid point separated by 360”
and the total field centered at 03:44:20 +32:03:01. Since
the fields of view of the [3.6] and [4.5] arrays do not
completely overlap, our final map covered by both bands
was not a square and instead had a total area of roughly
0.4◦ by 0.25◦. Images were taken in HDR mode with
a frame time of 12 seconds and 3 cycles at each po-
sition. The IRAC data reduction pipeline is described
in Gutermuth et al. (2009) and Morales-Caldero´n et al.
(2012) with updates appropriate for the warm Spitzer
mission described in Gutermuth et al. in prep.
33. RESULTS
3.1. Demographics and selection of variables
As a nearby (∼320 pc), young (2-3 Myr), relatively
compact cluster IC 348 has proven to be a valuable
laboratory for studying young stellar object variability
(Cohen et al. 2004; Flaherty et al. 2013). With over 300
cluster members, only one of which is earlier than A0,
this region of low mass star formation contains a wide va-
riety of circumstellar structures from pre-natal envelopes
to disks with many-AU wide gaps (Lada et al. 2006). In
the infrared, almost 60% of the sources with an infrared
excess are variable at [3.6], [4.5] (Flaherty et al. 2013),
while 89% of the pre-main sequence stars brighter than
I=14 are variable in the optical (Cohen et al. 2004) on
timescales of weeks to months. The frequency of these
fluctuations indicates that the majority of pre-main se-
quence stars experience variability on their stellar sur-
face, probed by the optical data, and within an AU of
the star, probed by the infrared data.
In our search for correlated X-ray and infrared vari-
ability, we focus on cluster members that have the most
complete infrared and X-ray time-series data. Cluster
members, and their stellar properties (L∗,Teff , etc.), are
drawn from Luhman et al. (2003); Lada et al. (2006);
Muench et al. (2007); Luhman et al. (2005) as compiled
by Flaherty et al. (2013). There are a total of 133 cluster
members detected on more than one X-ray epoch, with
107 detected on more than four epochs. We restrict our-
selves to these 107 stars because they have enough epochs
for studying variability. While we include X-ray fluxes
from previous studies of IC 348 (Preibisch & Zinnecker
2002; Alexander & Preibisch 2012), our analysis focuses
on the data that are contemporaneous with the in-
frared data. As a sub-sample of the cluster, the X-
ray detected sources are incomplete below L=0.3L⊙ and
Teff=3600 K (Fig 1). Within IC 348, the X-ray lu-
minosity is typically 3 to 4 orders of magnitude lower
than the bolometric luminosity (Preibisch & Zinnecker
2002; Alexander & Preibisch 2012). X-ray emission
is known to be brighter among sources without ac-
tive accretion (Stelzer et al. 2001; Flaccomio et al. 2003;
Preibisch et al. 2005) and in our sample this will present
itself as a detection efficiency that is a function of the in-
frared SED slope (defined as the logarithmic slope of λFλ
versus λ over the 3-8µm range) since the presence of a
circumstellar disk as measured with the infrared excess is
correlated with accretion. Using the dereddened flux, the
SED slope varies from αIRAC < −2.56 for sources with-
out a disk to αIRAC > 0 for sources with an envelope
and we use αIRAC = −2.56 as the boundary between a
source with or without a circumstellar disk. Stelzer et al.
(2012) find that within IC 348 the median X-ray luminos-
ity among stars with disks is ∼0.3 dex lower than compa-
rable stars without disks. Figure 1 shows the distribution
of SED slope for X-ray detections compared with the en-
tire sample, demonstrating our inefficient sensitivity to
sources with disks. For the majority of our analysis we
restrict ourselves to the sources with a disk.
The presence of infrared variability is assessed using
the techniques described in Flaherty et al. (2013). In
short, we use the reduced chi-square statistic for each
band, and well as the stetson index S, which is sen-
sitive to correlated variability in the two IRAC bands.
The use of the stetson index does require us to restrict
the analysis to sources detected in both bands, but the
added sensitivity of this index compared to the reduced
chi-square offsets the reduction in sample size. A star
is marked as an infrared variable if χ2ν([3.6]) > 3 or
χ2ν([4.5]) > 3 or S>0.45. Based on prior analysis, we
are sensitive to > 99% of fluctuations down to 0.04 mag
for sources brighter than 14th magnitude (Flaherty et al.
2013); this sensitivity limit is relatively independent of
source brightness because most of the uncertainty is due
to systematic effects for these bright targets (Cody et al.
2014). While Spitzer monitoring data is available from
multiple observing campaigns, we focus on the contem-
poraneous fall 2011 data when assessing variability since
we are mainly concerned with the behavior during the
same time frame as any X-ray fluctuations. The vast
majority of stars variable in one season are also variable
in other seasons, and our results would not significantly
change if we included the entire dataset. Since the 3-5µm
emission probed by this photometry is dominated by the
inner edge of the dusty disk (McClure et al. 2013), we
are not sensitive to the dynamics of the regions of the
disk beyond this point.
Given that we are mainly concerned with the change
in X-ray flux, rather than its overall level, we do not
convert photon fluxes to luminosities, which requires as-
sumptions about the distance to the cluster and the un-
derlying X-ray spectrum. While the arrival time of each
photon is recorded, we instead use the photon flux av-
eraged over each 10ks observing run, with each epoch
comprising one point on our light curve. We chose to
do this to increase sensitivity at the expense of knowl-
edge about the X-ray variability on very short timescales.
We restrict ourselves to sources detected on at least four
X-ray epochs. Photon fluxes range from 1e-6 to 1e-4
photons/s/cm2, or 1 to 1200 net photons per 10ks block.
We can roughly estimate the X-ray luminosities by as-
suming an average photon energy of 1.5keV, to convert
from photon flux to energy flux, and a distance of 320pc;
we find luminosities range from ∼1028 to ∼1031 erg/sec
with a typical luminosity of ∼1029erg/sec similar to pre-
vious studies (Alexander & Preibisch 2012; Stelzer et al.
2012). Our final sample consists of 39 stars (Table 3)
with circumstellar disks with sufficient X-ray photome-
try to examine variability, all of which were detected in
the infrared. Figure 2 show examples of light curves for
stars with and without X-ray and infrared variability to
demonstrate the fidelity of our data.
Our sensitivity to infrared variability is fairly uniform
over our entire sample because the uncertainties are dom-
inated by systematics for the vast majority of sources.
This is not the case for the X-ray emission whose un-
certainties are dominated by poisson statistics and scale
with the square root of the flux. This leads to sub-
stantially nonuniform sensitivities throughout our sam-
ple. As with the infrared flux we use the reduced chi-
square to select variable X-ray emission, using χ2ν = 3 as
the boundary between variables and non-variables. This
picks out variations that are significant relative to the
noise, which varies substantially between the brightest
and the faintest sources. As a result, the size of the fluc-
tuations selected as variable will strongly depend on the
mean X-ray flux. On average this χ2ν boundary corre-
4sponds to a factor of 2 increase in the flux relative to
the mean with fluctuations reaching close to a factor of
10. Despite the non-continuous nature of our observa-
tions and the use of different selection criteria for select-
ing variables as compared to these previous studies, we
pick out stars with similar fluctuations. Flaccomio et al.
(2012) find that among stars with disks, on timescales of
a week, fluctuations are typically a factor of 3, similar
to our results. Overall our sample consists of 39 sources
with (1) detections on four or more X-ray epochs, (2)
detections in both IRAC bands on all epochs, (3) an in-
frared excess indicative of a disk. Among these 39 stars,
31 have significant fluctuations in the infrared, while 28
have detectable X-ray variability.
Our observing cadence was designed to probe long
term effects of X-ray fluctuations on disk emission, at
the expense of knowledge about any short, instantaneous
changes in disk emission. While very rapid changes in in-
frared emission have been observed (Stauffer et al. 2014),
week to month long variations make up a substantial
fraction of the infrared variability (Flaherty et al. 2013;
Cody et al. 2014). The time between an X-ray epoch
and the nearest infrared observation ranges from 0.1 to
2.1 days (12-180 ks) and we are completely insensitive
to changes in infrared emission on timescale shorter than
this. We instead focus on responses that cover more than
2 infrared epochs (>300ks = 4 days). This caveat should
be kept in mind when interpreting our results, especially
as they apply to physical connections between X-ray and
infrared variability.
3.2. The lack of correlation between X-ray and Infrared
variability
We first look at the 28 stars with disks that are vari-
able in both the X-ray and infrared to see if the light
curves themselves are correlated. This is assessed us-
ing the Kendall’s tau and Spearman’s rho statistics.
Both of these coefficients serve as non-parametric tests of
whether increases or decreases in the X-ray are mirrored
in infrared. We find no significant correlation between
the X-ray and infrared light curves suggesting that there
is no strong correlation between the infrared and X-ray
variability. We also find that the size of the infrared
fluctuations is not correlated with the size of the X-ray
fluctuations among these variable stars.
Flaccomio et al. (2010) find correlated variations in op-
tical flux and soft, but not hard, X-ray flux of CTTS in
NGC 2264 between observations separated by two weeks,
suggesting that there is a difference between the behav-
ior of the soft and hard X-ray emission. We examine
how the median X-ray photon energy changes over the
course of the light curve to see if it changes in concert
with the infrared emission. If the soft X-ray emission
tracks the infrared emission while the hard X-ray flux is
constant, then the median photon energy will decrease as
the infrared emission increases. Given that we typically
only detect 24 photons per source per 10ks block we use
the median flux instead of just the soft X-ray photons to
reduce the errors and maximize our sensitivity to fluc-
tuations. Using both the Kendall’s tau and Spearman’s
rho metrics, we do not find a correlation between the me-
dian photon energy and the infrared flux in any of our
disk-bearing targets. We also find no significant corre-
lation in the size of the infrared variability and the size
of the variability in median photon energy. Among the
two brightest X-ray sources, LRLL 2 and 6, for which we
measure ∼400 photons per 10 ks, while there is some ev-
idence for a change in median photon energy this change
does not track with the infrared emission.
The Kendall’s tau and Spearman’s rho statistics are
effective at selecting correlated variations when there is
no time-delay between the infrared and X-ray fluctua-
tions and if the light curve is monotonic. Flaccomio et al.
(2005) find that roughly a tenth of the stars in Orion with
known optical periods have detectable X-ray periods and
any corresponding, but phase shifted, variability in the
infrared would be missed by the previous metrics. To
account for a time delay between the two light curves we
employ the cross-correlation function, defined as:
CCF (τ) =
1
N
ΣNi=1
[x(ti)− x¯][y(ti − τ)− y¯]
σxσy
(1)
where x(ti) and y(ti) represent the X-ray and infrared
light curves, x¯, σx, y¯, σy are the respective means and
standard deviations of the two light curves and τ is the
time lag between the two light curves (Gaskel & Peterson
1987). This effectively shifts the infrared light curves by
τ days and calculates how well the two light curves match
after this shift. A positive value of τ implies that the IR
light curve leads the X-ray light curve, while a negative
lag corresponds to the X-ray light curve leading the IR
light curve. Such an effect might be expected if there
is an appreciable time delay between the occurrence of
an X-ray fluctuation and the response of the disk or if
the X-ray and infrared flux show a rotational modula-
tion that is out of phase. Given that the data are not
continuously sampled, we interpolate the more heavily
sampled infrared light curve onto the X-ray light curve
in our analysis. We assess the uncertainty in the CCF
at different lags by computing the CCF of a particular
X-ray light curve with infrared light curves from 100 ran-
dom cluster members, and use the dispersion in the value
of the CCF at each lag as its uncertainty. Figure 4 shows
our results for LRL 5 and 58 as examples. When exam-
ining all 28 cluster members with variability in both the
X-ray and infrared, we find no evidence of a strong cross-
correlation signal between a lag of -20 and 20 days, with
our strongest sensitivity to lags between -10 and 10 days.
Again there is no strong evidence for a direct connection
between the infrared and X-ray variability.
The CCF, while effective at picking out light curves
with a time lag, breaks down in the presence of flares.
Stelzer et al. (2007) find that roughly a quarter of stars
within Taurus exhibit flares, with these flaring sources
making up half of the variable sample. While these
outlier points within a light curve can easily disrupt
any underlying correlation, they could also be a source
of changes in infrared emission if the flare is powerful
enough. We define a source as having a flare if it is vari-
able in the X-ray (χ2ν > 3) and it has one epoch whose
flux is greater than three times larger than the median
flux. We can also look for X-ray flares within a single
10 ks epoch among the brightest sources since each pho-
ton is tracked when taking X-ray observation. Only one
source (LRLL 36) shows evidence for an X-ray flare dur-
ing one of these epochs, and this star has been included
in our analysis. There are a total of 13 cluster members
5with an X-ray flare, all but one of which is variable in the
infrared. In none of these stars do we see strong evidence
for an extended change in the IR flux following the X-ray
flare. Figure 5 shows the X-ray and infrared light curves
of one star with an X-ray flare demonstrating the lack of
response in the infrared light curve. If the infrared flux
is changing before the flare, it continues along its course
after the flare.
We examine in detail the change in IR flux associated
with an X-ray flare by calculating the change in [3.6]
and [4.5] magnitude between the two epochs (i.e. about
2 days) surrounding the X-ray flare and comparing this
to all consecutive epoch magnitude changes in the in-
frared light curve. Figure 5 shows an example of this
analysis. This allows us to quantify the infrared fluctu-
ation closest to the X-ray flare and how it compares to
the fluctuations seen at other times. In none of the light
curves do we see evidence that the IR fluctuation near
the X-ray flare is substantially different than what is seen
in any other part of the light curve. This is consistent
with our visual inspection which found no evidence for a
change in infrared flux in response to an X-ray flare.
Again we note that given our observing cadence we are
severely limited in assessing the immediate response of
the infrared flux to an X-ray flare. The time between an
X-ray epoch and an infrared epoch ranges from 0.1 to
2.1 days (12-180ks). The majority of X-ray flares have
decay times less than 60ks with an average decay time
of 10ks (Stelzer et al. 2007) and almost all X-ray flares
would have decayed away by the time the system was ob-
served in the infrared. YSOs typically exhibit one flare
per star per 500ks with the time between bright flares
(LX > 10
32erg/sec) a factor of a few longer than this
(Stelzer et al. 2007). Wolk et al. (2005) find similar re-
sults for solar-type stars, with roughly one flare per star
per 650ks. A theory for the week to month long infrared
variability that relies solely on X-ray flares would require
the infrared response to last at least∼500ks(=5.8days) to
extend the infrared variability throughout the quiescent
period between flares. Even with our limited cadence we
can exclude these types of large, long infrared responses.
4. PHYSICAL MECHANISMS
We find no direct connection between X-ray fluctua-
tions and infrared variability. There is no clear correla-
tion between the shapes of the infrared and X-ray light
curves and there are no large, long-term changes in in-
frared emission following X-ray flares. This is consistent
with the lack of correlated X-ray/infrared variability seen
in the Coronet cluster (Forbrich et al. 2007). Given the
cadence of our observations we cannot comment on short
(less than a few days), immediate responses of the disk to
the changing X-ray flux; we can only constrain the type
of interactions that lead to sustained week-long fluctua-
tions. This caveat should be kept in mind in the context
of the different physical situations that we discuss below.
Interpreting this result depends on how X-ray variabil-
ity could be physically connected to changes in disk struc-
ture. Our [3.6],[4.5] infrared observations are dominated
by emission from the inner edge of the disk, which is
made up of a slightly rounded wall of dust a few tenths
of an AU from the star at the boundary where the dust
becomes hot enough to sublimate (Kama et al. 2009).
There are three main possibilities connecting X-ray vari-
ability to changes in the structure of this wall, which
we will consider in turn: (1) heating of dust by X-ray
photons, (2) ionization of dust by X-ray photons, (3)
interactions between the circumstellar disk and the hot
plasma created during the flare
X-ray Heating: A rapid increase in the stellar flux
illuminating the disk would lead to an almost instan-
taneous change in the temperature of the disk surface
layers (Chiang & Goldreich 1997), causing the infrared
emission to increase. Our observations show no evidence
for a long-term change in infrared emission in response to
changes in X-ray flux, suggesting that heating by X-rays
is not an important factor in setting the dust temper-
ature. This is not surprising since models predict that
much of the X-ray flux will be absorbed by gas in the
tenuous upper layers of the disk (Glassgold et al. 2004;
Aresu et al. 2011) and dust emission models are gener-
ally able to reproduce circumstellar disk emission in a
wide range of stars without including illumination from
stellar X-rays (D’Alessio et al. 2006). In IC 348 the ra-
tio of X-ray luminosity to bolometric luminosity ranges
from 10−3− 10−4.5 (Stelzer et al. 2012) again suggesting
that X-ray heating does not contribute significantly to
the dust temperature.
X-ray Ionization As with heating, an increase in X-
ray flux may increase the ionization fraction of the dust
through the increased collisions with electrons and ions
(Tielens 2005), leading to observable dynamical effects
due to interactions between this ionized material and
the magnetic field. Even if X-ray heating is minimal,
the increased depth at which X-ray ionization can pen-
etrate the disk (Igea & Glassgold 1999) leaves open an-
other avenue for X-ray photons to change the dust struc-
ture. Ke et al. (2012) provide detailed models of such
a scenario and find that a large flare (LX ∼ 10
32erg/s)
that lasts for a day (=86ks) can substantially change the
height of the inner disk. This effect was predicted to
decay over the course of a week, leading to extended per-
turbations to the infrared emission. Favata et al. (2005)
find that eight out of 32 flares have LX > 10
32erg/s while
Wolk et al. (2005) find similar numbers for the occur-
rence of large flares. In our sample we find no strong
evidence for an extended response to an X-ray although
we do not observe any flares as large as employed in these
models and cannot comment on any immediate response
to such outbursts.
High temperature plasma X-ray flares are associated
with magnetic reconnection events injecting magnetic en-
ergy into the upper reaches of the stellar atmosphere
(Benz & Gu¨del 2010). This energy creates a ∼100 MK
plasma that expands into the surrounding coronal loop,
injecting thermal energy into the area surrounding the
star, decaying on a timescale that is proportional to the
size of the magnetic loop (Favata et al. 2005). Based on
detailed modeling of the decay time and emission prop-
erties of X-ray flares in Orion Favata et al. find that 9
out of 22 flares reach larger than 5R∗ and could poten-
tially interact with the disk in systems with very close
in dust. Orlando et al. (20011) model a different type
of flare that originates at the interface between the disk
and the stellar magnetic field that provides a direct inter-
action between the flare and the disk structure. In this
model the disk height can change by a factor of two in
6response to a LX ≈ 10
32erg/s sized flare. We see no ev-
idence for long-term reactions to X-ray flares suggesting
that these types of interactions do not drive the majority
of the observed infrared variability.
5. A BRIEF DISCUSSION OF VARIABILITY AMONG
DISKLESS SOURCES
As with the disked sources, in the diskless stars we see
no evidence for a correlation between the X-ray and in-
frared variability. Without excess emission, the infrared
flux in the diskless stars is tracing the stellar flux rather
than the dust in the inner disk. Stellar variability in
diskless stars is dominated by the rotation of star spots,
which may be located at sites of amplified magnetic field
strength. We see no response in the infrared light curve
following X-ray flares, similar to the systems with pro-
toplanetary disks. Analysis with the cross-correlation
function as well as Kendall’s tau and Spearman’s rho
statistics, confirms the lack of similarity in light curve
shapes. Compared to stars with disks, diskless stars show
weaker fluctuations in the infrared (Flaherty et al. 2013)
and in the X-ray (Flaccomio et al. 2012). Previous stud-
ies have found that while X-ray and optical periods are
sometimes similar (Flaccomio et al. 2005) there is often
not a direct correlation between the X-ray and optical
fluctuations (Stassun et al. 2007; Flaccomio et al. 2010).
Stassun et al. (2007) conclude that even though X-ray
production is connected to the presence of a magnetically
active, spotted surface, as evidenced by the connection
between optical variability and X-ray luminosity, the re-
gions of X-ray production and the star spots are not spa-
tially coincident.
6. CONCLUSION
We find no evidence for an increased frequency of in-
frared variability among stars with X-ray variability. We
see no correlation in the shape of the light curves in stars
that exhibit variability in both bands, which is especially
true in the stars with moderate X-ray flares for which we
see no evidence for a change in infrared flux in response
to the flare. We put limits on the relation between X-ray
variability and the week to month long infrared variabil-
ity of dust at the inner edge of the disk that is common
among young stellar objects.
Based on the observational evidence, the influence of
X-ray heating on the temperature of the dust close to
the star is relatively minor, which in turn has implica-
tions for the overall structure of the inner edge of the
disk. Below z/r∼0.1 the densities are high enough that
the gas and dust temperature are highly coupled through
collisions (Glassgold et al. 2004), allowing the dust tem-
perature to set the gas temperature. The gas temper-
ature in turn sets the pressure scale height of the disk,
which is the basis of the vertical structure of the disk
in a region where planet formation is expected to occur.
If the X-rays cannot influence the dust thermal struc-
ture, then they will not influence the overall structure in
this area of the disk. Compared to FUV and EUV pho-
tons, X-rays have a higher penetration depth because
the opacity of the gas decreases towards higher energies
and if X-ray photons cannot reach the dusty layers, then
FUV and EUV photons contribute even less to the dust
temperature. The dust temperature is instead set by
a combination of viscous dissipation and irradiation by
stellar optical emission (D’Alessio et al. 1998), at least
until the disk is significantly depleted (Skinner & Gu¨del
2013). Beyond ∼1 AU, which is not probed by our in-
frared photometry, the X-rays may still have a strong
influence on disk structure through e.g. MRI turbulence
(Igea & Glassgold 1999).
In terms of constraining the origin of the long-term in-
frared fluctuations, we can rule out the influence of X-ray
ionization as well as interactions between the X-ray emit-
ting plasma and the dust at the sublimation front close
to the star from explaining the majority of the observed
infrared variability. These factors may come into play on
short timescales for a small handful of stars, or at lev-
els below our detection limits, but generally they are not
important in setting disk structure. More likely possibil-
ities include perturbations related to accretion heating
(Flaherty et al. 2013), MRI driven turbulence lifting dust
out of the midplane (Turner et al. 2010) or perturbations
from a companion (Fragner & Nelson 2010; Nagel et al.
2012; Ataiee et al. 2013) with observations pointing to-
ward accretion bursts, variable obscuration of the central
star and changes in the inner disk structure (Cody et al.
2014; Stauffer et al. 2014; Wolk et al. 2013).
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Infrared Observing Log
AORID Exposure start time MJD
42463744 2011-10-15 18:22:53 55849.8
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42464768 2011-10-24 05:31:16 55858.2
42465024 2011-10-26 13:08:49 55860.6
42465280 2011-10-27 19:42:07 55861.8
42465536 2011-10-30 10:18:35 55864.4
42465792 2011-11-1 04:52:37 55866.2
42466048 2011-11-3 01:27:30 55868.1
42466304 2011-11-4 19:14:03 55869.8
42466560 2011-11-6 10:30:23 55871.5
42466816 2011-11-8 20:29:04 55873.9
42467072 2011-11-10 20:15:18 55875.9
42467328 2011-11-12 19:38:16 55877.8
42467584 2011-11-14 22:39:14 55880.0
42467840 2011-11-17 00:21:17 55882.0
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42468608 2011-11-23 03:08:30 55888.1
Table 3
Variability among protoplanetary disk systems
LRLL ID# RA (J2000) Dec(J2000) IR variable? X-ray variable? X-ray flare? Teff L∗ αIRAC
2 03:44:35.36 32:10:04.6 y y n 8970 137 -1.47
5 03:44:26.03 32:04:30.4 y y n 5520 9.90 -1.24
6 03:44:36.94 32:06:45.4 y y n 5830 17.0 -2.08
15 03:44:44.73 32:04:02.6 y y n 3778 1.90 -1.40
21 03:44:56.15 32:09:15.5 y y y 5250 3.90 -1.98
31 03:44:18.16 32:04:57.0 y y y 5945 9.60 -1.85
32 03:44:37.89 32:08:04.2 y y n 4060 1.40 -1.56
36 03:44:38.47 32:07:35.7 y y y 4205 1.50 -0.73
37 03:44:37.99 32:03:29.8 y y y 4205 0.99 -1.03
41 03:44:21.61 32:10:37.6 y y y 4060 0.790 -1.72
55 03:44:31.36 32:00:14.7 y y y 3778 0.680 -1.19
58 03:44:38.55 32:08:00.7 y y n 3669 0.720 -1.73
61 03:44:22.29 32:05:42.7 y y y 3955 0.540 -1.45
65 03:44:33.98 32:08:54.1 y y n 3850 0.560 -2.41
67 03:43:44.62 32:08:17.9 y y n 3741 0.480 -2.04
72 03:44:22.57 32:01:53.7 y y y 3488 0.510 -2.23
82 03:44:37.41 32:06:11.7 y y n 4060 0.510 -2.43
83 03:44:37.41 32:09:00.9 y y y 3705 0.510 -0.84
90 03:44:33.31 32:09:39.6 y y y 3560 0.410 -2.39
91 03:44:39.21 32:09:44.7 y y y 3560 0.390 -1.53
97 03:44:25.56 32:06:17.0 y y y 3524 0.540 -1.75
110 03:44:37.40 32:12:24.3 y y y 3560 0.340 -1.59
116 03:44:21.56 32:10:17.4 y y y 3632 0.290 -2.44
9024 03:44:35.37 32:07:36.2 y y n ... ... -1.12
71 03:44:32.58 32:08:55.8 y n n 3415 0.470 -2.01
75 03:44:43.78 32:10:30.6 y n n 3669 0.620 -0.53
103 03:44:44.59 32:08:12.7 y n n 3560 0.380 -1.16
113 03:44:37.19 32:09:16.1 y n n 4205 0.320 -1.99
186 03:44:46.33 32:11:16.8 y n n 3560 0.310 -2.07
203 03:44:18.10 32:10:53.5 y n n 3741 0.021 -1.42
1872 03:44:43.31 32:01:31.6 y n n ... ... 0.43
88 03:44:32.77 32:09:15.8 n y n 3379 0.360 -2.39
108 03:44:38.70 32:08:56.7 n y n 3379 0.240 -2.44
146 03:44:42.63 32:06:19.5 n y n 3705 0.190 -2.48
226 03:44:31.42 32:11:29.4 n y y 3091 0.078 -1.33
52 03:44:43.53 32:07:43.0 n n n 3705 0.920 -2.42
139 03:44:25.31 32:10:12.7 n n n 3161 0.200 -1.22
141 03:44:30.54 32:06:29.7 n n n 3778 0.350 -2.32
1401 03:44:54.69 32:04:40.3 n n n ... ... 0.10
9Table 4
Variability among diskless stars
LRLL ID# RA (J2000) Dec (J2000) IR variable? X-ray variable? X-ray flare? Teff L∗ αIRAC
29 03:44:31.53 32:08:45.0 y y y 4900 2.10 -2.88
45 03:44:24.29 32:10:19.4 y y y 4350 0.920 -2.72
48 03:44:34.88 32:06:33.6 y y y 4278 0.990 -2.70
66 03:44:28.47 32:07:22.4 y y y 4132 0.710 -2.98
69 03:44:27.02 32:04:43.6 y y n 3705 0.460 -2.95
86 03:44:27.88 32:07:31.6 y y n 3560 0.460 -2.73
92 03:44:32.67 32:06:46.5 y y y 3488 0.390 -2.87
125 03:44:21.66 32:06:24.8 y y n 3451 0.290 -2.64
62 03:44:26.63 32:03:58.3 y n n 3161 0.390 -2.88
105 03:44:11.26 32:06:12.1 y n n 3850 0.390 -2.88
170 03:44:28.42 32:11:22.5 y n n 3415 0.190 -2.77
9 03:44:29.17 32:09:18.3 n y n 5520 11.00 -2.86
16 03:44:32.74 32:08:37.5 n y n 5700 0.750 -2.72
23 03:44:38.72 32:08:42.0 n y n 4730 4.10 -2.96
47 03:44:55.51 32:09:32.5 n y n 5250 1.90 -2.89
50 03:44:55.63 32:09:20.2 n y y 4590 1.40 -2.87
53 03:44:16.43 32:09:55.2 n y y 5250 1.40 -2.80
74 03:44:34.27 32:10:49.7 n y n 3560 0.620 -2.92
79 03:45:01.52 32:10:51.5 n y n 5250 0.940 -2.81
142 03:43:56.20 32:08:36.3 n y n 3850 0.330 -2.91
154 03:44:37.79 32:12:18.2 n y n 3198 0.190 -2.79
171 03:44:44.85 32:11:05.8 n y n 3451 0.170 -2.75
174 03:44:04.11 32:07:17.1 n y n 3632 0.180 -2.86
178 03:44:48.83 32:13:22.1 n y y 3451 0.130 -2.60
184 03:44:53.76 32:06:52.2 n y y 3270 0.180 -2.96
188 03:44:56.12 32:05:56.7 n y y 3451 0.130 -2.73
4 03:44:31.19 32:06:22.1 n n n 7200 34.00 -2.72
10 03:44:24.66 32:10:15.0 n n n 6890 13.0 -2.89
30 03:44:19.13 32:09:31.4 n n n 7200 6.50 -2.84
33 03:44:32.59 32:08:42.5 n n n 3488 0.870 -2.58
35 03:44:39.26 32:07:35.5 n n n 4730 3.60 -2.92
38 03:44:23.99 32:11:00.0 n n n 6030 3.10 -2.77
56 03:44:05.00 32:09:53.8 n n n 4660 0.930 -2.87
59 03:44:40.13 32:11:34.3 n n n 4900 1.400 -2.76
98 03:44:38.62 32:05:06.5 n n n 3270 0.330 -2.59
151 03:44:34.83 32:11:18.0 n n n 3560 0.260 -2.83
163 03:44:35.45 32:08:56.3 n n n 3091 0.140 -2.67
Figure 1. Demographics of sources detected in more than 4 X-ray epochs (filled histogram) compared to the entire membership sample
(open histogram) for stellar luminosity (left), effective temperature (middle) and dereddened infrared SED slope (right). We are incomplete
to members below Teff=3600K and L∗=0.3L⊙, and are more sensitive to sources without disks (αIRAC < −2.56) than sources with disks.
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Figure 2. Examples of X-ray and infrared light curves with each quadrant presenting a different star. Top panels show the X-ray light
curve, in units of 1e-6 photons per cm2 per sec. Points to the left of the vertical dashed line are derived from earlier Chandra observations
of IC 348 (Preibisch & Zinnecker 2002; Alexander & Preibisch 2012). The infrared light curves are shown in the corresponding bottom
panels. Error bars for [3.6] (squares) and [4.5] (crosses) photometry are shown as the left and right vertical lines. Upper Left: LRLL 31,
a source that is variable in both X-ray and infrared. Upper Right: LRLL 103, a star that is variable in the infrared, but not in the X-ray.
Lower left: LRLL 108, a star that is variable in the X-ray but not the infrared. Lower right: LRLL 141, a star that is not variable in
either the X-ray or infrared. Light curves for all stars with disks are included in Figure 3.
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Figure 3. X-ray and infrared light curves. The top panel show the X-ray light curve, in units of 1e-6 photons per cm2 per sec. Points to the
left of the vertical dashed line are derived from earlier Chandra observations of IC 348 (Preibisch & Zinnecker 2002; Alexander & Preibisch
2012). The infrared light curves are shown in the bottom panel. Error bars for [3.6] (squares) and [4.5] (crosses) photometry are shown as
the left and right vertical lines.
Figure 4. Two examples (LRLL 5 on the left and LRLL 58 on the right) of our cross-correlation analysis. The top row is the X-ray light
curve while the middle row is the infrared light curve. The bottom row shows the cross-correlation (black line) as a function of the lag
in days between the X-ray and infrared light curves. The red lines are our one-sigma uncertainties on the cross-correlation. In these two
examples, as well as the rest of the light curves, there is no significant cross-correlation signal at any lag, indicating that the X-ray and
infrared light curves do not have similar shapes with a simple time delay between their fluctuations.
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Figure 5. (Left) X-ray (top) and infrared (bottom) light curves for LRLL 90, a star which has a bright X-ray flare. X-ray points to the
left of the dotted line are from previous surveys. Infrared error bars for [3.6] and [4.5] are shown as vertical tick marks (left and right
respectively) to the left of dotted line. While the star is variable in the infrared, its variability does not seem to change in response to
the X-ray flare. (Right) Distribution of epoch-to-epoch changes in [3.6] (squares) and [4.5] (crosses) magnitude for LRLL 90. The change
experienced between the two epochs surrounding the X-ray flare are shown as vertical lines. The IR flux variation experienced due to the
X-ray flare is not significantly different than that seen during other epochs. A similar behavior is seen in the other stars that have an X-ray
flare, indicating that the observed X-ray flares do not drive large changes in infrared flux.
